Meiosis produces the faithful and efficient division of a replicated diploid genome into four equal parts. All other cell divisions separate sister chromatids; in the first meiotic division (meiosis I), sister chromatids remain associated and homologous chromosomes (homologs) separate. The first meiotic division is preceded by an extended prophase, featuring progressive homolog condensation and colocalization (Figure 1 ). This culminates at pachytene, where homolog axes are aligned end-to-end and tightly juxtaposed in synaptonemal complexes (reviewed in [1]). Between S phase and pachytene are leptotene, with visible axes but no obvious pairing, and zygotene, where homolog juxtaposition is apparent and synaptonemal complexes begin to form. After pachytene, chromosomes become diffuse. They then recondense in preparation for separation (diplotene/diakinesis), with homologs connected only at points of crossover, known as chiasmata.
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Recombination occurs frequently during prophase of meiosis I and plays a critical role in homolog segregation. Interhomolog crossovers and sister chromatid cohesion hold homologs together at metaphase of meiosis I, providing correct orientation on the spindle and ensuring spindle integrity (reviewed in [2] ). Non-recombinant chromosomes are at increased risk of undergoing non-disjunction during meiosis I [3] , and mutants that cannot carry out recombination suffer massive missegregation of homologs [4] . Although meiotic recombination is required for genome integrity, it is ironic that recombination is initiated in a way that could destroy the genome -namely, by the programmed formation of double-strand DNA breaks.
Spo11p makes the break
The initiation of meiotic recombination by double-strand breaks has been directly demonstrated in the budding yeast Saccharomyces cerevisiae, where molecular, genetic and cytological studies provide the following picture ( Figure 2 , reviewed in [5, 6] ). Breaks form during leptotene at sites determined by both local chromatin and higher-order chromosome structure. Double-strand breaks are formed by Spo11p, a protein with homology to Top6A, the catalytic subunit of an archaebacterial type 2 topoisomerase. The 5′ ends of breaks are initially linked covalently to a tyrosine in the putative active site of Spo11p; Spo11p is then removed, and 5′-to-3′ resection renders the break ends single-stranded. These ends bind a protein ensemble that includes the RecA analogs Rad51p and Dmc1p. This strand-transfer complex promotes later recombination steps, which occur in zygotene and early pachytene.
Yeast spo11 null mutants do not make double-strand breaks, do not assemble Rad51p-Dcm1p complexes, do not recombine, and display severe synaptonemal complex defects. Null mutants in many other genes confer similar defects, suggesting that breaks are formed by a multiprotein complex with Spo11p as a central player. Cha et al. [7] have suggested that Spo11p also has a structural role on meiotic chromosomes, in addition to its catalytic function. This suggestion is based on their finding that spo11-Y135F, a missense mutant expected to simply lack catalytic function, does not display the severe meiotic defects conferred by spo11 null mutants.
SPO11 homologs now have been identified in many eucaryotes, including many fungi, nematodes, fruit flies, plants and mammals (reviewed in [5] ; see also [8] ). To date, genome size and meiotic asynchrony have stymied direct demonstrations of double-strand breaks in multicellular organisms, and meiosis-induced breaks have been detected only recently in fission yeast [9] . The evidence from other species has been indirect. Rad51p-Dmc1p foci have been detected in leptotene nuclei from Saccharomyces [10] , lily [11] , mice [12] and humans [13] . These foci are presumed to reflect the presence of double-strand-breakassociated single-strand DNA, but their persistence into pachytene indicates that they may also contain later recombination intermediates.
The chromatin connection
Evidence for double-strand break formation during mouse spermatogenesis has been presented in a recent study [14] of histone H2AX, a minor H2A species in mammals but the major isoform in yeast. In somatic cells, H2AX is phosphorylated at a carboxy-terminal serine specifically in response to damage-induced double-strand breaks. This phosphorylated histone, called γH2AX, appears within minutes of damage and disappears as breaks are repaired. Phosphorylation occurs over large chromatin regions comprising megabases in mammalian cells and tens of kilobases in yeast [15] . Mahadevaiah et al. [14] looked for γH2AX in mouse spermatocytes, reasoning that double-strand breaks generated during meiosis should cause γH2AX formation.
Their expectation was confirmed; γH2AX immunostaining regions were detected in leptotene and zygotene cells [14] . At leptotene, γH2AX was present in a substantial portion of the nucleus, in broad domains that also contained Dmc1p foci. In zygotene nuclei, H2AX phosphorylation was present in unsynapsed regions and absent from regions in synaptonemal complexes. At pachytene, γH2AX was present only in regions that had not formed a synaptonemal complex, such as the nonhomologous arms of sex chromosomes and unpaired regions in translocation heterozygotes. γH2AX was not detected near centromeres, which are recombination cold-spots, and, most tellingly, γH2AX was almost entirely absent in leptotene-phase spo11 -/-mouse spermatocytes. Thus, the temporal and spatial pattern of H2AX phosphorylation seen in mouse spermatocytes is consistent with the picture obtained from the molecular data from S. cerevisiae: double-strand breaks form during leptotene, and the breaks are repaired by interhomolog recombination during progression through zygotene and into pachytene.
In summary, molecular studies in yeast, γH2AX detection in mice, and Rad51p-Dmc1p localization in diverse species all indicate that double-strand breaks are generated before the formation of synaptonemal complexes. The cross-species occurrence of γH2AX, combined with the availability of antisera that detect γH2AX in species from yeast to humans [15] , should facilitate testing this suggestion in other species.
What the mutants say
Loss of function spo11 -mutants have been analyzed in a number of model organisms in addition to S. cerevisiae, 
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Stages in meiosis I prophase, and where things go wrong in spo11 null mutants. Not all of the stages cartooned here have been demonstrated cytologically in all the organisms listed. For simplicity, only one pair of homologs (red and purple) is shown. In normal meiosis, progressive homolog axis colocalization, alignment and condensation is accompanied by synaptonemal complex formation (yellow). This is followed by decondensation and then recondensation, with homologs attached at crossover points. In Drosophila and C. elegans spo11 mutants, the process proceeds without obvious alteration until diplotene/diakinesis, where homologs appear without chiasmata. In fungi, Arabidopsis and mice, homolog pairing is defective in spo11 mutants, and inter-chromosomal associations (occasionally decorated by short synaptonemal complexes) are nonhomologous. In fungi and Arabidopsis, cells proceed through meiosis I. In mice, progression is blocked at zygotene/early pachytene in males and diplotene/diakinesis in females, and cells frequently suffer apoptosis.
including fission yeast [9] , a mushroom (Coprinus cinereus [16] ), the nematode Caenorhabditis elegans [17] , the fruitfly Drosophila [18] and, most recently, in mice [19, 20] and the plant Arabidopsis [21] . In general, when all SPO11 function is eliminated, parental homologs are unpaired at diplotene/diakinesis. Mutants are sterile or display greatly reduced fertility, and gametes that are recovered are nonrecombinant. In S. cerevisiae, C. cinereus and C. elegans, irradiation of meiotic cells partially corrects these defects [16, 17, 22] , consistent with a requirement for break-induced events to ensure homolog disjunction and perhaps synapsis.
Mutants in SPO11 have also been used to examine the functional relationship between recombination and homolog synapsis (Figure 2 ). S. cerevisiae and C. cinereus spo11 null mutants exhibit severe homolog synapsis defects, as if recombination initiation were required for full synaptonemal complex formation [16, 23] . By contrast, synaptonemal complex formation proceeds normally in Drosophila and C. elegans spo11 mutants that lack meiotic recombination. Furthermore, studies of Drosophila and C. elegans translocation heterozygotes suggest the existence of specialized pairing centers and a requirement for homolog pairing for full recombination ( [17, 18] and references within). To reconcile these two apparently contradictory sets of results, it has been suggested that recombination nucleates synapsis in organisms with simple genomes, whereas organisms with greater genome complexity use specialized pairing centers to initiate synaptonemal complex formation without the need for double-strand breaks.
Three recent studies of spo11 mutants, one in Arabidopsis [21] and two in mice [19, 20] , show that this convenient suggestion cannot be generalized. Grelon et al. [21] isolated mutants in SPO11-1, one of three SPO11 homolog genes in Arabidopsis. These mutants were found to display marked reductions -but not a complete loss -in recombination and diplotene/diakinesis pairing; they are also asynaptic. Chromosome axes form normally and progressively condense as in the wild type, but synapsed chromosomes are never found, and chromosomes segregate randomly at meiosis I. Similar synapsis defects have been reported in two recent studies of Spo11 -/-mice [19, 20] . Although chromosome axis development proceeds apace in these mice, synaptonemal complexes never form properly. The limited synapsis that occurs involves nonhomologous regions, and often all forty chromosomes are unsynapsed. Rad51p-Dmc1p foci are completely absent, as would be expected for a mutant that does not form programmed double-strand breaks. Thus, both Arabidopsis and mice conform to the yeast paradigm: SPO11 function is required for full synapsis and synaptonemal complex formation. At face value, this would seem to imply that, in fungi, mammals and plants, meiotic recombination juxtaposes homologs and nucleates a synaptonemal complex, while specialized pairing sites perform the same function in fruitflies and nematodes.
Two findings from the mouse studies indicate that this simple mechanical model is inadequate. Romanienko and Camerini-Otero [19] examined Spo11p location in spermatocyte chromosome spreads. At leptotene, Spo11p was seen to be dispersed in off-axis foci. Spo11p staining intensified and became increasingly confined to synapsed regions in zygotene nuclei, and by pachytene Spo11p decorated much of the synaptonemal complex. This finding and those of Cha et al. [7] in S. cerevisiae are compatible with the suggestion that Spo11p has structural functions on chromosomes.
The most striking result to emerge from the mouse studies, however, concerns the role of Spo11p in meiotic Dispatch R255
Figure 2
Initiation of meiotic recombination by double-strand breaks. Some features of this model are hypothetical, in particular details of protein loading at double-strand break sites. The following features are directly supported by data from Saccharomyces: 1) DNA replication is required before double-strand breaks form; 2) double-strand breaks form via a covalently linked Spo11p-DNA intermediate; 3) Spo11p is removed and 3′-OH single-strand tails are formed; 4) break singlestrand ends invade homologous sequences and initiate later joining steps of recombination (see [5, 6] for further details and discussion). progression. Spo11 -/-mice display severe defects in gametogenesis. Fetal oocytes progress to diplotene, but almost all degenerate after birth [20] . This defect is even more severe in spermatocytes, which arrest before pachytene and frequently undergo apoptosis. Similar defects occur in mice that are mutant in genes thought to function after recombination has initiated (discussed in [5, 19, 20] ). These latter findings prompted suggestions that unrepaired breaks or unprocessed recombination intermediates trigger progression arrest and programmed cell death, as does DNA damage in somatic cells. This cannot be the case in Spo11 -/-mutants, however, as these mice do not form double-strand breaks.
To account for these observations, Romanienko and Camerini-Otero [19] invoke Spo11p's suggested structural role, proposing that meiotic arrest and apoptosis is triggered by defects in chromosomes that lack Spo11p. In contrast, Baudat et al. [20] suggest that synapsis defects, caused by a failure to form or process double-strand breaks, trigger arrest and apoptosis. A third possible explanation suggests that double-strand break formation creates a signal, either regulatory or structural, that is required for meiotic progression during spermatogenesis (discussed in [24] ). Further single and multiple mutant analyses will be necessary to distinguish between these alternative suggestions.
Filling the gaps
In summary, the isolation and analysis of spo11 mutants in several model organisms have confirmed the picture originally developed in S. cerevisiae. Spo11p forms the doublestrand breaks that initiate meiotic recombination, and also plays a critical role in ensuring proper meiotic progression. Of course, many important questions remain regarding double-strand breaks and Spo11p function. How is Spo11p function sensed, and how is this signal 'read out' to affect meiotic progression? Does Spo11p have structural as well as catalytic functions, and what other proteins act with Spo11p? What controls when and where double-strand breaks are formed, and what determines the molecular events that occur subsequent to break formation? Answers to such questions will no longer come just from yeast, and contributions from other model organisms are certain to illuminate the common features, as well as diverse strategies, that eucaryotes use to ensure the faithful transmission of the genome during sexual reproduction.
